ABSTRACT: Interest in how proline contributes to cancer biology is expanding because of the emerging role of a novel proline metabolic cycle in cancer cell survival, proliferation, and metastasis. Proline biosynthesis and degradation involve the shared intermediate Δ
1
-pyrroline-5-carboxylate (P5C), which forms L-glutamate-γ-semialdehyde (GSAL) in a reversible non-enzymatic reaction. Proline is synthesized from glutamate or ornithine through GSAL/P5C, which is reduced to proline by P5C reductase (PYCR) in a NAD(P)H-dependent reaction. The degradation of proline occurs in the mitochondrion and involves two oxidative steps catalyzed by proline dehydrogenase (PRODH) and GSAL dehydrogenase (GSALDH). PRODH is a flavin-dependent enzyme that couples proline oxidation with reduction of membrane-bound quinone, while GSALDH catalyzes the NAD + -dependent oxidation of GSAL to glutamate. PRODH and PYCR form a metabolic relationship known as the proline−P5C cycle, a novel pathway that impacts cellular growth and death pathways. The proline−P5C cycle has been implicated in supporting ATP production, protein and nucleotide synthesis, anaplerosis, and redox homeostasis in cancer cells. This Perspective details the structures and reaction mechanisms of PRODH and PYCR and the role of the proline−P5C cycle in cancer metabolism. A major challenge in the field is to discover inhibitors that specifically target PRODH and PYCR isoforms for use as tools for studying proline metabolism and the functions of the proline−P5C cycle in cancer. These molecular probes could also serve as lead compounds in cancer drug discovery targeting the proline−P5C cycle. T he pyrrolidine ring makes proline a unique proteogenic amino acid with a distinctive role in protein folding and secondary structures. In addition to being required for protein biosynthesis, L-proline has critical roles in cellular bioenergetics, 1−5 osmoregulation, 5, 6 stress protection, 7−10 cellular signaling processes such as apoptosis, 3, 11, 12 and cancer cell metabolism. 3, 13, 14 Studies over the last two decades by Phang and co-workers have established a specialized role for proline in cancer metabolism. 3,12,13,15−17 Further, recent discoveries of the broad effects of proline metabolism on cancer cell growth and survival have implicated proline metabolic enzymes as potential targets for therapeutic intervention. 14,18−21 This Perspective examines the structures and mechanisms of two key proline metabolic enzymes, proline dehydrogenase (PRODH) and Δ 1 -pyrroline-5-carboxylate (P5C) reductase (P5CR, a.k.a. PYCR), and their role in cancer metabolism. The potential for designing inhibitors of PRODH and P5CR for cancer therapeutics is also discussed.
■ PROLINE METABOLISM
Proline is synthesized from ornithine or glutamate, with both precursors leading to L-glutamate-γ-semialdehyde (GSAL), an intermediate that spontaneously cyclizes to P5C with loss of water ( Figure 1A) . 1, 4, 22 The formation of GSAL from ornithine is catalyzed by ornithine δ-amino acid transferase (EC 2.6.1.13). The route to GSAL from glutamate requires glutamate 5-kinase (G5K; EC 2.7.2.11) and γ-glutamyl phosphate reductase (γ-GPR; EC 1.2.1.41) ( Figure 1B ). G5K and γ-GPR are separate enzymes in bacteria and lower eukaryotes, whereas in higher organisms, such as plants and humans, G5K and γ-GPR are fused together in the bifunctional enzyme P5C synthase (P5CS). 4, 22 The final step of both proline biosynthetic routes is the reduction of P5C to proline catalyzed by NAD(P)H-dependent P5CR (EC 1.5.1.2). In humans, P5CR is known as PYCR, with isoforms PYCR1 and PYCR2 in the mitochondrion and isoform PYCRL in the cytosol.
Breakdown of proline occurs strictly in the mitochondria, with PRODH and GSAL dehydrogenase (GSALDH) localized at the inner mitochondrial membrane and matrix, respectively ( Figure 1A ). PRODH (EC 1.5.5.2) performs the first step by generating P5C, which upon non-enzymatic hydrolysis forms GSAL ( Figure 1C ). PRODH is a flavin-containing enzyme that couples the oxidation of proline with reduction of membranebound ubiquinone or Coenzyme Q. Humans have two genes annotated as PRODH: PRODH1 (chromosome 22q11.21; NCBI Accession NM_016335) and PRODH2 (chromosome 19q13.12; NCBI Accession NM_021232). Deficiencies in PRODH1 manifest in type-I hyperprolinemia, 23 whereas the loss of PRODH2 activity leads to hydroxyprolinemia, 24 consistent with PRODH2 catalyzing the oxidation of trans-4-hydroxy-L-proline to Δ 1 -pyrroline-3-OH-5-carboxylate (3-OH-P5C).
GSALDH (EC 1.2.1.88) catalyzes the NAD + -dependent oxidation of GSAL to form glutamate ( Figure 1C ). Structural and kinetic analysis of human GSALDH shows that it follows a bi-bi-ordered mechanism with NAD + binding and NADH product release being the first and last steps of the reaction, respectively. 25 The products of the GSALDH reaction, glutamate and NADH, contribute to energy and nitrogen metabolism in the cell. NADH feeds electron equivalents to the respiratory chain via mitochondrial complex I, whereas glutamate is converted to α-ketoglutarate by glutamate dehydrogenase, thereby providing carbon to the tricarboxylic acid cycle (TCA) and ammonia for recycling of nitrogen. 1, 26, 27 ■ PRODH STRUCTURE AND MECHANISM Kinetics of Proline Oxidation. Using rat mitochondria, Johnson and Strecker 28 showed that proline is oxidized to P5C in a reaction that is linked to the respiratory chain. A K m of 2.3 mM proline was later determined with a solubilized enzyme preparation from rat liver mitochondria. 29 The first character- ization of a purified PRODH was the native proline utilization A (PutA) enzyme from Escherichia coli. PutA is a bacterial bifunctional enzyme in which PRODH and GSALDH activities are combined into a single polypeptide. 30 In some bacteria, such as E. coli, PutAs also have an N-terminal DNA binding domain and regulate transcription of genes putP (proline transporter) and putA. 30 PutA from E. coli (EcPutA) was found to be a dimer and to require FAD and electron acceptors for PRODH activity. 31 Steady-state kinetic assays of EcPutA have shown that the PRODH reaction follows a two-site ping-pong mechanism, 32 similar to that previously observed for the PRODH enzyme from Saccharomyces cerevisiae (Put1p). 33 Reduction of the flavin cofactor by proline (reductive half-reaction) is followed by oxidation of reduced flavin by ubiquinone in the membrane (oxidative half-reaction). 32, 33 EcPutA PRODH exhibits a k cat of 5.2 s −1 for the overall reaction with K m values of 42 mM proline and 112 μM CoQ 1 . 32 Microscopic rate constants of 27.5 s −1 for proline reduction of the FAD cofactor and 5.4 s −1 for oxidation of reduced FAD by CoQ 1 were determined by stopped-flow kinetic measurements, indicating that the oxidative half-reaction is rate-limiting for the overall reaction. 34 In a study by Serrano and Blanchard 35 on monofunctional PRODH from Mycobacterium tuberculosis (MtbPRODH), primary kinetic isotope effects on V/K m(pro) and V gave evidence that hydride transfer from the proline C5 to the N5 of FAD is rate-limiting for the reductive half-reaction. Similar to EcPutA PRODH, the oxidative half-reaction was concluded to be rate-limiting for the overall MtbPRODH reaction. 35 Serrano and Blanchard also showed that a highly a conserved Lys residue (Lys110 in MtbPRODH; Lys329 in EcPutA; Lys234 in human PRODH1) functions as a general base and is critical for catalysis. 35 Figure 2A shows a proposed mechanism in which the conserved Lys residue first abstracts an amino proton from proline. The ensuing hydride transfer from the C5 of proline to the N5 of FAD is then shown as a stepwise transfer as proposed by Serrano and Blanchard. 35 Characterization of purified human recombinant PRODH1 36 and PRODH2 37 enzymes, which were significantly truncated to achieve solubility in E. coli, have confirmed they are flavindependent enzymes that catalyze the oxidation of proline and trans-4-hydroxy-L-proline, respectively. PRODH1 and PRODH2 are both mitochondrial enzymes and share 45% amino acid sequence identity. 38 Using CoQ 1 , PRODH2 was reported to have a 12-fold higher k cat /K m (0.93 M −1 s −1 ) with trans-4-hydroxy-L-proline relative to L-proline. 37 The product of the PRODH2 reaction with 4-hydroxy-L-proline is 3-OH-P5C, which undergoes non-enzymatic hydrolysis to 4-hydroxyglutamate-γ-semialdehyde. 38 GSALDH is then able to convert 4-hydroxyglutamate-γ-semialdehyde to 4-hydroxyglutamate. 37 Because 4-hydroxyglutamate feeds glyoxylate production and ultimately oxalate, inhibition of PRODH2 has been suggested as a treatment for primary hyperoxaluria in patients with disorders in glyoxylate metabolism. 37 The substrate selectivity of PRODH1 and PRODH2 was explored by site-directed mutagenesis of the PRODH domain in EcPutA, which, similar to PRODH1, utilizes 4-hydroxyproline poorly as a substrate. 31 X-ray crystal structures (2.0 Å resolution) of the PRODH domain from EcPutA in complex with the proline analogue L-tetrahydro-2-furoic acid (L-THFA) were examined to identify active-site residues critical for substrate recognition. 39, 40 In EcPutA, Tyr540 was found to be in close proximity to the C4 of proline, indicating that it could block the binding of 4-hydroxyproline. 38 Interestingly, Tyr540 is conserved in PRODH1 (Tyr548), whereas the corresponding residue in PRODH2 is Ser485. 38 38 Replacing Tyr540 with Ser increased the activity with 4-hydroxyproline, but the preference was still for proline, although the activity was >6-fold lower. 38 PRODHs are also highly selective for the five-membered ring of proline. Studies of EcPutA-PRODH 44 and human PRODH1 36 have found that pipecolate, a six-membered proline analogue, is neither a substrate nor an inhibitor. Thus, the upper limit of ring size for potential inhibitor molecules is considered to be five.
PRODH Structure. Currently no structures of PRODH enzymes from eukaryotes are available. This is largely due to the fact that eukaryotic PRODH is an inner mitochondrial protein, and its expression as a soluble protein in E. coli has been problematic. In contrast, the structures of bacterial PRODHs have been extensively characterized by highresolution crystallography, and these structures provide a reliable template for modeling of human PRODH ( Figure 3A) .
The first high-resolution PRODH crystal structure was of the PRODH domain from EcPutA. 39 The structure revealed that PRODH is a (βα) 8 -barrel with a non-covalently bound FAD cofactor. Conservation of the PRODH (βα) 8 -barrel was confirmed by several structures of full-length PutAs. [41] [42] [43] 47, 48 The structures of stand-alone PRODH enzymes from Thermus ) and L-lactate (PDB IDs 4O8A 39 and 4NMB 41 ) and covalently inactivated by NPPG (PDB IDs 3ITG 43 and 4NME 41 ).
thermophilus and Deinococcus radiodurans also feature a (βα) 8 barrel. 49, 50 Homology modeling using the most recent update of the PDB predicts that the (βα) 8 -barrel fold is present within residues 121−579 of human PRODH1 ( Figure 3A ). In addition, the modeling predicts two large inserts of uncertain structure corresponding to residues 150−205 and 241−349. The (βα) 8 -barrel fold and inserts are consistently predicted by multiple homology modeling servers, such as SWISS-MODEL 45 and Phyre2. 46 Human PRODH2 is also predicted to contain the PRODH (βα) 8 -barrel fold; however, it appears to have only one inserted region of unknown structure (240− 290).
An important structural difference between the PutA PRODH domain and stand-alone bacterial PRODHs is the insertion of an α-helix between β-strand 5 and α-helix 5 in PutA. Homology modeling predicts that this helix (α5a) is present in human PRODHs ( Figure 3A ). In PutAs, the α5a helix contains a nonpolar residue (Trp or Leu) that packs against the adenine of the FAD, which is presumed to be important for establishing the correct conformation of the cofactor. In human PRODH, this critical residue is predicted to be Leu447 ( Figure 3A ). The prediction of α5a in human PRODH suggests that PutAs may be preferred over stand-alone bacterial PRODHs as a model system for discovering PRODH inhibitors.
Crystal structures of PutAs in complex with L-lactate and the proline analogue L-THFA have revealed the role of active-site residues in substrate binding and conformational dynamics, 4, 30 and all of these residues are predicted to be in the active site of human PRODH ( Figure 3B ). The conserved sequence motif YXXRRXXE on α8 of the barrel is a key element in the PRODH active site. The two Arg residues of the motif (Arg563-Arg564 in human PRODH1) ion-pair with the proline carboxylate ( Figure 3B ) and are necessary for proline binding, 4, 30 while the Tyr residue of the motif (Tyr560) packs against the ring of the proline ( Figure 3B ). Leu527 is another highly conserved residue that shapes the active site and provides nonpolar interactions with the proline ring. The Glu residue of the motif stabilizes the second Arg residue via ionpairing. The first Arg residue of the YXXRRXXE motif plays an important role in substrate binding and active-site dynamics by forming an ion-pair gate with a glutamate residue located on the β1−α1 loopthis interaction is also predicted to be present in human PRODHs ( Figure 3B ). Some of the other active-site residues that are conserved in bacterial and human PRODHs are shown in Figure 3B . Structural and mutational analysis of these residues in different PRODHs have shown they have important roles in catalytic steps, 35,39,51−53 shaping the proline binding site, 38, 39 FAD conformation and redox potential, 51, 53 and conformational dynamics. 51, 52, 54 The high structural and sequence conservation in the PRODH active site Figure 3 . Homology model of residues 121−579 of human PRODH1 made with SWISS-MODEL using the default parameters. 45 The template chosen by SWISS-MODEL was PDB ID 5KF6. 42 (A) The PRODH (βα) 8 suggests that these residues have similar catalytic roles in human PRODH.
PRODH Inhibition. Consistent with a conserved PRODH domain structure across species, L-lactate, pyruvate, and the proline analogue L-THFA 39, 44 are reversible competitive inhibitors in several bacterial PutAs/PRODHs 31, 32 and human PRODHs ( Figure 2B ). 36, 37 L-THFA has also been used to selectively inhibit proline metabolism in bacterial 10 and mammalian cells. 8, 14 L-THFA inhibits EcPutA PRODH with a K i of 1.6 mM, 32 and a K d of 1.5 mM was estimated for binding of L-THFA to human PRODH1. 36 L-Azetidine-2-carboxylate, a four-membered-ring proline analogue ( Figure 2B ), is a weak competitive inhibitor of EcPutA PRODH activity (K i = 20 mM). 31 Another potential inhibitor is L-3,4-dehydroproline ( Figure 2B ), which was reported to be a competitive inhibitor of PRODH activity in liver mitochondria (K i = 0.16 mM) 55 and has been used to inhibit proline catabolism in cell cultures. 56, 57 However, L-3,4-dehydroproline is also a substrate for EcPutA-PRODH, 58 so the efficacy of L-3,4-dehydroproline as a specific inhibitor of PRODH activity is unclear and requires further investigation. Furthermore, L-3,4-dehydroproline should be used with caution especially since it is also a substrate for PYCR 76 (in the reverse of the direction shown in Figure 1 ) and can be incorporated into newly synthesized proteins and impact collagen formation. 60 Mechanism-based inhibitors for PRODH have also been discovered, such as N-propargylglycine (NPPG) 61 and 4-methylene-L-proline. 62 With both compounds, inactivation proceeds after the enzyme oxidizes the inhibitor, leaving the flavin reduced. High-resolution structures of a stand-alone bacterial PRODH 61 and three PutAs 41, 48, 54 have shown that inactivation by NPPG results in a three-carbon covalent link between an active-site lysine residue (Lys329 in EcPutA, equivalent to Lys234 in human PRODH1) and the FAD N5 atom. The NPPG-inactivated form of PutA has been a useful model for analyzing conformational changes that occur upon proline reduction of the FAD cofactor. 41, 48, 54 In contrast to proline-analogue-based inhibitors, compounds that target the ubiquinone binding site have generally not been explored in PutAs/PRODHs, with the exception of atpenin A5. Atpenin A5, which is a ubiquinone analogue, was shown to be an EcPutA-PRODH competitive inhibitor (K ic = 97 μM) versus CoQ 1 and an uncompetitive inhibitor (K iu = 124 μM) with respect to proline. 32 Considerably more work is needed to explore ubiquinone-based inhibition of PRODHs.
■ PYCR STRUCTURE AND MECHANISM
Kinetic Studies of PYCR. Early biochemical studies of PYCR were conducted on enzymes purified from a wide range of tissues and cell lines, such as liver from rat and calf, human erythrocytes, rat lens, bovine retina, human fibroblasts, and human lymphoblastoid cell lines. 63−70 The kinetic measurements from these studies reveal general trends and hints about tissue-specific variations. The K m for P5C is fairly consistent at 0.1−1.0 μM, regardless of the cofactor used. The K m for NADPH tends to be lower than that for NADH, sometimes by as much as a factor of 10. The fibroblast and lymphoblastoid enzymes are exceptions, having nearly equal K m values for the two cofactors. The maximum velocity typically is higher with NADH than with NADPH; however, the ratio of V with NADH to V with NADPH varies substantially, from ∼1 for retina to 10 for erythrocytes. Also, the sensitivity to product inhibition by proline and NADP + is tissue-specific. For example, the erythrocyte and lens enzymes are inhibited by NADP + but not by proline, whereas the fibroblast and lymphoblastoid enzymes are inhibited by proline but not by NADP + . Moreover, some enzymes are inhibited by ATP, but others are not.
The differences in cofactor preference and product inhibition caused Dougherty, Brandriss, and Valle 63 to posit the existence of multiple forms of PYCR. Indeed, the use of modern molecular cloning and sequencing tools has revealed three PYCR genes, known as PYCR1, PYCR2, and PYCR3 (a.k.a. PYCRL), which produce a total of nine PYCR enzymes. (Christensen et al. 71 show an amino acid sequence alignment of the nine PYCR isozymes.)
Because it is unclear which isoforms were being assayed in the early studies, it would be useful to have complete comparative kinetic analyses of all of the PYCRs using recombinant enzymes. However, only a few papers have reported the kinetic properties of recombinant human PYCR enzymes. De Ingeniis et al. 72 measured the kinetic parameters of recombinant PYCR1, PYCR2, and PYCRL using P5C and NAD(P)H as the substrates. Christensen et al. 71 reported values for PYCR1, also using the forward reaction. Meng et al. 59 studied the reverse reaction of PYCR1 using thioproline and NAD + as substrates. The study by De Ingeniis et al. 72 is the only one that compared PYCR isoforms. The K m values for P5C are in the low millimolar range, while those of NAD(P)H are a few hundred micromolar. The highest catalytic efficiency (k cat /K m ) was observed with PYCR2 and NADH as the cofactor, while the lowest efficiency was seen with PYCR1 and NADPH. They also studied product inhibition by proline. PYCR2 is the most sensitive to inhibition by proline, with an apparent K i of ∼0.1 mM. Because this value is within the range of normal plasma proline levels in humans (0.05−0.3 mM 73 ), the inhibition of PYCR2 by proline has physiological significance. In contrast, the weak inhibition of PYCR1 (K i = 0.6 mM) and PYCRL (K i = 8.5 mM) by proline may not be physiologically significant.
PYCR1 may also play a role in lysine catabolism. Struys et al. 74 asked whether PYCR1 accepts Δ 1 -piperideine-6-carboxylate (P6C) as a substrate. P6C is the six-membered-ring counterpart of P5C and is an intermediate in lysine catabolism. P6C exists in equilibrium with the open-chain α-aminoadipate semialdehyde, which is the substrate for the lysine catabolic enzyme aldehyde dehydrogenase 7A1 (ALDH7A1). ALDH7A1 catalyzes the NAD + -dependent oxidation of α-aminoadipate semialdehyde to α-aminoadipate. 75 Struys et al. 74 showed that human PYCR1 reduces P6C to L-pipecolic acid with kinetic constants similar to those of the natural substrate. These studies suggest the intriguing idea that PYCR1 may have more than one metabolic function.
Much remains unknown about the biochemical properties of human PYCR. For example, studies are needed to establish the binding order of substrates. The inhibition of the recombinant enzymes by NAD(P) + and ATP has not been studied. Only the three major isoforms have been studied; none of isozymes that result from alternative splicing have been expressed and purified. The impact of inherited disease-causing mutations on the structure and catalytic function of PYCR has yet to be determined. Finally, investigating the role of PYCR1 in lysine catabolism is an intriguing line of future research.
Structures of PYCR1. High-resolution crystal structures of PYCR1 were determined recently. 71 These include structures of the NADPH substrate complex, proline product complex, and a ternary complex with NADPH and the P5C/proline analogue L-THFA. Low-resolution structures were reported over a decade ago; however, readers are cautioned that the assignment of the active site in the low-resolution structures was incorrect. 59 The fold of PYCR1 has two domains ( Figure 4A ). The Nterminal domain has the Rossmann fold and binds NAD(P)H. The C-terminal domain consists of several α-helices and functions in oligomerization and substrate binding. Two protomers combine to form an interlocked dimer mediated by the C-terminal domains ( Figure 4B ). The dimers assemble further around a fivefold axis to form a pentamer-of-dimers decamer ( Figure 4C ). The fold of PYCR1, the interlocking dimer, and the cylindrical decamer are also observed in P5CRs from microorganisms. 76 The substrate binding sites have been characterized at high resolution (1.9 Å). NADPH binds in an extended conformation at the C-terminal edge of the β-sheet of the Rossmann fold domain ( Figure 4D ). This is the canonical pose for NAD(P)-(H) bound to the Rossmann fold. Proline (as well as P5C) binds in the dimer interface and interacts primarily with the Cterminal domains of the dimer ( Figure 4B ). The hydrophilic parts of proline bind to the αK−αL loop and conserved Thr238 (shown for a proline analogue in Figure 4E ). We note that Thr238 is present in all PYCR isoforms. The nonpolar ring of proline contacts the kink between helices H and I. The kink is caused by the presence of Pro178 and disrupts what would be a very long α-helix ( Figure 4A ). We note that Pro178 is replaced by Val in PYCRL.
The structure of PYCR1 complexed with NADPH and L-THFA provides a high-resolution (1.85 Å) model of the ternary E·S complex ( Figure 4E ). The nicotinamide of NADPH meets P5C in the junction between the dimer interface and the Rossmann domain. The rings of the two substrates stack in parallel, positioning the hydride donor atom of NADPH (C4) 3.7 Å from the acceptor atom of P5C. This arrangement is consistent with a direct hydride transfer mechanism. The structure implies the stereochemistry of hydride transfer. Because the B-side of the nicotinamide contacts L-THFA, PYCR1 is predicted to catalyze the transfer of the pro-4S hydrogen to P5C.
The crystal structures should be useful for inhibitor design. One could target either the P5C site or the NADPH site; however, the former may be preferred because NADPH binds to a conserved fold that is present in many enzymes. The structure of PYCR1 complexed with proline shows a pocket with available space that could be exploited ( Figure 4F ). This pocket binds the nicotinamide riboside of NADPH in the ternary complex. However, in the proline complex, the pocket contains five water molecules. A possible strategy could be to design proline analogues with functional groups that extend into the open space, displacing the water molecules and forming interactions with the amino acid residues that line the pocket.
■ THE PROLINE−P5C CYCLE
A unique aspect of proline metabolism is the cycling of proline and P5C to maintain redox homeostasis between the cytosol and mitochondria. 2, 3 As originally conceived, the proline cycle consists of catabolic and synthetic half-cycles that occur in different subcellular locations. The catabolic half-cycle is the oxidation of proline to P5C catalyzed by PRODH in mitochondria ( Figure 1A) . The synthetic half-cycle is the reduction of P5C back to proline catalyzed by PYCR ( Figure  1A) . If the reductive step occurs outside mitochondria, the net effect of the cycle is to transfer reducing equivalents from cytosolic NADPH into the mitochondrial respiratory chain.
Evidence for the proline−P5C cycle was first reported by Hagedorn and Phang, 78 who showed that NADPH could drive respiratory activity in mammals without stoichiometric consumption of proline. Evidence for a proline−P5C cycle has also been shown for plants. 79 Whether the proline−P5C cycle is truly directional is complicated by uncertainties about the subcellular locations of the PYCR isoforms. If it is directional, then the reductive half-cycle should be catalyzed by PYCRL, which is known to be cytosolic. 72 However, Fendt and co-workers concluded that PYCR1, the isoform thought to be localized in mitochondria, 72 had the most significant role in proline−P5C cycling during spheroidal growth of breast cancer cells and was responsible for sustaining PRODH activity upon proline withdrawal.
14 Phang et al. 80 have suggested that PYCR1 may not be truly mitochondrial but could localize with mitochondrial markers as a result of association with mitochondrial outer membranes. Clarification of the subcellular localization of PYCR1 would be helpful in understanding the role of the proline−P5C cycle in normal redox homeostasis and cancer.
Regardless of which PYCR is involved, the proline−P5C cycle has been shown to enhance oxidative phosphorylation, maintain cytosolic pyridine nucleotide levels, and generate reactive oxygen species (ROS) leading to activation of various cell signaling pathways. 3, 14, 15, 78, 79 The maintenance of NADP + in the cytosol is proposed to link proline metabolism to the pentose phosphate pathway and nucleotide biosynthesis.
3,15,78,81
Cancer cells alter their metabolism to increase survival during cellular stress, to undergo uncontrolled proliferation, and to progress toward metastasis formation. 82, 83 Proline biosynthesis, catabolism, and cycling have been implicated as metabolic pathways selectively altered in cancer cells providing ATP, macromolecules, and redox cofactors. 3 In the following, we will discuss the emerging role of proline metabolism in light of cancer cell proliferation, survival, and metastasis formation as illustrated in Figure 5 .
Cancer cell proliferation depends on biomass production, i.e., the generation of macromolecules such as DNA and protein Figure 5 . Proline metabolism in cancer cell proliferation, survival, and metastasis formation. Proline metabolism supports cancer cell proliferation via biomass precursor production (indicated in blue). Proline metabolism supports or inhibits cancer cell survival via ROS (indicated in red). Proline metabolism supports metastasis formation by promoting invasiveness, clonogenicity, and metastatic seeding (indicated in yellow). Green indicates regulators of proline catabolism and biosynthesis. P5C refers to Δ 1 -pyrroline-5-carboxylate.
from amino acids and other metabolites. 83 Proline biosynthesis has been shown to fuel protein production, which is needed for cell proliferation. Accordingly, it has been found that c-MYC and PI3K signaling, which supports cell proliferation, increases the gene expression of P5CS, PYCR1, PYCR2, and PYCRL. 13, 15 In kidney cancer, proline is a limiting amino acid for protein synthesis, and the knockout of PYCR1 is sufficient to impair in vivo proliferation in these cancers. 84 Accordingly, PYCR1 is overexpressed in tumors of human nonsmall cell lung carcinoma patients, and knockdown of the enzyme impairs proliferation in cell lines. 19 Moreover, proline derived from collagen has been found to support pancreatic cancer cell proliferation. 20 The importance of proline for the proliferation of pancreatic cancer cells was indicated not only by direct incorporation of proline into protein but also via proline catabolism resulting in glutamine, glutamate, and aspartate production, which in turn are precursors of DNA and/or protein. Finally, proline biosynthesis can also indirectly support biomass production by generating the redox cofactor NADP + , which increases the activity of the oxidative pentose phosphate pathway, which in turn generates precursors of nucleotide biosynthesis 15 needed for DNA and RNA production. Moreover, it was found that in cancer cells expressing c-MYC, knockdown of proline biosynthesis resulted in decreased glycolysis and ATP production. 15, 85 Interestingly, it was recently shown that in isocitrate dehydrogenase 1 (IDH1) mutant cancer cells, proline biosynthesis is increased compared with wild-type IDH cancer cells, which results in a partial decoupling of the electron transport chain from the TCA cycle. 86 Accordingly, ATP-coupled oxygen consumption increased in IDH1 mutant cancer cells upon proline biosynthesis inhibition. It is therefore tempting to speculate that both observations can impact cancer cell proliferation by perturbing the cellular redox balance. In summary, proline metabolism can support cancer proliferation and therefore constitutes an interesting intervention point to inhibit the growth of certain tumor types.
Cancer cells have an increased capacity to survive under harsh conditions and to evade apoptosis. 87 One important mechanism to induce apoptosis and decrease cell survival is the generation of ROS. Strikingly, proline metabolism can contribute to ROS scavenging and generation by different means. First, proline itself has some antioxidant capacity. Thus, increasing proline levels by proline supplementation and overexpression of PYCR1 or decreasing them by overexpression of the proline catabolism enzyme PRODH increases or decreases cellular ROS scavenging, respectively. 7, 88 Second, the PRODH-catalyzed reaction results not only in ATP production but also ROS generation. 12 Therefore, high proline catabolism can induce apoptosis and cell senescence, which has been shown to be counteracted by superoxide dismutase expression in colorectal cancer cells 11 or antioxidants in osteosarcoma cells. 89 Accordingly, PRODH expression is positively regulated by the tumor suppressor p53, 12 while the oncogene c-MYC negatively regulates PRODH expression via miR23b*. 13, 16 Moreover, oral cancer overexpressed 1 (ORAOV1) protein has been suggested to bind to PYCR1, resulting in decreased ROS production, presumably through activation of proline biosynthesis. 90 Additionally, proline catabolism can result in production of α-ketoglutarate, which is a metabolic substrate of HIF1α prolyl hydroxylases that targets HIF1α for degradation, 17 and hypoxia can activate proline biosynthesis in liver cancer cells and might support HIF1α stabilization. 91 These effects could contribute to the antitumor effect of PRODH expression in some cancers. 17 Controversial to this potential tumor suppression function of proline catabolism is that in a hypoxic environment PRODH expression has been shown to be increased and contribute to the survival of cancer cells by inducing autophagy. 92 Thus, this suggests that the environment needs to be considered when evaluating the role of PRODH for cancer cell survival. Taken together, these results indicate that proline biosynthesis inhibition targets cancer cell survival while proline catabolism inhibition can have context-dependent pro-or antisurvival effects in cancer cells.
One of the most lethal capacities of cancer cells is their ability to metastasize to distant organs. During this process, cancer cells change their metabolism to invade surrounding tissue, survive in the circulation, and colonize distant organs. 83, 93, 94 Recently, it has been shown that proline metabolism supports this metastatic cascade leading to secondary tumors, i.e., metastases. It has been shown that human metastasis tissue exhibits upregulated expression of PRODH compared with primary breast tumor tissue.
14 Accordingly, it has been found that PRODH inhibition impairs metastasis formation in different metastatic breast cancer mouse models without adverse effects on normal cells and tissues with high PRODH expression.
14 This selectivity toward breast cancer cells can be explained on the one hand by the observation that (at least in vitro) normal mammary epithelial cells display low PRODH expression and on the other hand by the finding that PRODH inhibitor doses required to impair proline catabolism in metastasis tissue are lower than those needed to inhibit PRODH in liver, heart, and brain.
14 Mechanistically, the proline cycle composed of PRODH and PYCR1 activity allows metastasizing breast cancer cells to produce ATP at the expense of NADPH, fostering metastatic seeding.
14 Additionally, inhibition of proline biosynthesis has been found in some cancer cells and yeast to result in unresolved endoplasmic reticulum (ER) stress. 9, 85 In cancer cells, inhibition of PYCR1 hampers clonogenicity, which can support the ability of cancer cells to initiate new tumors. 85 Consistent with this observation, it was found that in human breast cancers PYCR1 gene expression is correlated with invasiveness, 18 which is an early event of the metastatic cascade. While some of these effects could be alleviated by exogenous proline, the dependence of metastasizing breast cancer cells on PRODH and PYCR1 could not be rescued by proline supplementation or recapitulated by depletion of exogenous proline. In conclusion, inhibition of proline metabolism by targeting the respective enzymes has emerged as an interesting target to interfere with the metastatic cascade and prevent metastasis formation.
■ CONCLUSIONS
Over the past decade, several major advances have been achieved in understanding the structures and mechanisms of proline metabolism and its specialized role in cancer metabolism. Structures of bacterial PRODHs with active-site ligands are available that enable modeling and structure-based inhibitor design studies of human PRODH1 and PRODH2. Structures of human PYCR1 in ternary complex with NADPH and a product analogue provide a template for the design of novel inhibitors. A major challenge that remains is solving highresolution structures of human PRODH1, PRODH2, PYCR2, and PYCRL. Structures of the these enzymes along with biochemical characterization of the enzyme mechanisms will be 95 Having small molecules with different modes of inhibition would be powerful tools for investigating proline metabolism in cancer.
Although structure-based inhibitor discovery is now possible, some practical hurdles need to be overcome. One issue is whether the enzymes can be generated in sufficient quantity for high-throughput screening of compound libraries. Recombinant PYCR1 can be expressed and purified from E. coli and is amenable to inhibitor screening. Also, fusion-tagged PYCRs with high activity have been reported and may be suitable as well. Screening for inhibitors of human PRODHs will be more challenging because of the lack of a convenient method for generating recombinant enzyme. A workaround strategy could be to use PutA PRODHs as surrogates for human PRODH in screening of compound libraries, followed by testing of hit compounds for inhibition of PRODH activity in mitochondrial extracts. Additionally, robust assays need to be developed for drug screening. PRODH activity is typically monitored by measuring reduction of an artificial electron acceptor such as dichlorophenolindolphenol or the formation of a chromogenic adduct between o-aminobenzaldehyde and P5C. PYCR activity can be measured in the forward direction by following the decrease in NAD(P)H absorbance, but some laboratories also measure PYCR activity in the reverse direction using 3,4-dehydroproline as a substrate and monitoring NADH formation. 59 Understanding the mechanisms of proline metabolic enzymes can be leveraged to design and discover molecular probes that could be used to study the functions of the proline−P5C cycle in cancer metabolism and as lead compounds for cancer therapy. Because the proline−P5C cycle has been shown to significantly influence cellular growth and death pathways, the potential of this novel cycle in tumorigenesis and cancer needs to be further explored. 3, 14, 81 More biochemical details of the proline−P5C cycle are needed to fully understand its role in cancer metabolism. For example, does the proline−P5C cycle depend on a mitochondrion− cytosol shuttle or is it contained within the mitochondrion? If mitochondrial uptake is required, how is P5C imported into the mitochondrion? Also, are PYCR1 and PYCR2 strictly localized in the inner mitochondrial matrix? Does each PYCR have a specialized role in the proline−P5C cycle depending on the cellular context and growth conditions? Dissecting the individual roles of PYCRs and PRODH in the proline cycle as it relates to cancer will be an important area for future research.
Finally, issues of how proline metabolic enzyme inhibitors may affect metabolism in healthy cells and tissues needs to be considered. Presently it appears that inhibiting proline catabolism would have less adverse effects than inhibiting proline biosynthesis. Inborn deficiencies of the proline catabolic enzymes PRODH1 and GSALDH lead to hyperprolinemia metabolic disorders, 73 with loss of PRODH1 activity linked to increased susceptibility to schizophrenia. 96, 97 How harmful it would be to disrupt proline catabolism in healthy tissues during therapeutic treatment is not clear, but treatment of mice with the PRODH inhibitor L-TFHA blocked lung metastases with no negative effects on healthy tissue.
14 These results show promise for tolerance of PRODH inhibition and proline buildup in healthy human cells. The situation for proline biosynthesis is more complicated, as not necessarily the products per se but the reactions of the synthetic pathway are sometimes most critical. This is illustrated by the different phenotypes of PYCR1 and PYCR2 inborn deficiencies. Loss of PYCR1 gene function is associated with autosomal recessive cutis laxa with clinical features of wrinkled skin, aged appearance, and connective tissue weakness. 98 Mutations in the PYCR2 gene are associated with autosomal recessive neurologic disorder and syndrome of postnatal microcephaly. 99, 100 Decreased mitochondrial function and oxidative stress tolerance have been reported for PYCR1-and PYCR2-depleted human cells. 98, 99 Knockdown of PYCR1 or PYCR2 has been shown to have little impact on growth rates, whereas knockdown of PYCRL markedly inhibits proliferation. 15 Interestingly, the growth of cells with PYCRL knockdown could not be rescued by exogenous proline. 15 Considering these aforementioned effects and the potential impact of PYCRs on NAD(P)H redox homeostasis and energy metabolism (see Figure 5 ), the likelihood of significant side effects from drugs targeting proline biosynthesis seems greater than that from drugs targeting PRODH or GSALDH. A concern for both pathways, however, is the potential for cells to accumulate P5C, which was recently listed among the top 30 damage-prone endogenous metabolites. 101 Thus, adverse metabolic effects in healthy tissues and organs will need to be examined with any drugs targeting proline metabolic enzymes. Hopefully, though, compounds can be designed to have high selectivity toward cancer cells. 
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